Highly penicillin-and cephalosporin-resistant Streptococcus mitis and Streptococcus oralis were isolated in Spain, Hungary, and Berlin. With chromosomal DNA of these strains, resistant transformants of Streptococcus pneumoniae were obtained that expressed low-affinity variants of penicillin-binding proteins (PBPs) 2x, 1a, 2a, and 2b in different combinations, depending on the selective conditions. The transformants had cefotaxime MICs of up to 6 mg/mL, and those with a low-affinity PBP 2b were highly deficient in penicillin-induced lysis. Sequence analysis of the pbp2x genes confirmed the presence of a global gene pool of penicillin resistance determinants shared by commensal and pathogenic streptococci.
Since the late 1970s, multiply and penicillin-resistant strains to bind to and consequently inhibit the enzymatic activity of these enzymes [12] . Resistance to third-generation cephalospoof Streptococcus pneumoniae have been isolated with increasing frequency worldwide [1, 2] . Such strains have evolved on rins requires alterations mainly in PBP 2x and PBP 1a [13, 14] because PBP 2b is not a target for this class of b-lactam antibimultiple occasions at different places, and a number of distinct clones can be recovered in a given geographic area [3, 4] .
otics [15] . The two genes are apparently sufficiently closely linked to allow transformation in the laboratory in one step [16] , Some clones are widespread: The most intriguing example is the penicillin-and multidrug-resistant serotype 23F clone, suggesting that cephalosporin resistance may easily spread also in the natural environment of S. pneumoniae. which was first described in Spain [3, 5, 6] . This clone was reported in the United States [5, 7] and South Africa [3] in Altered PBPs 1a, 2x, and 2b of resistant S. pneumoniae 1991 and has since been isolated in various European countries, isolates are encoded by mosaic genes in which parts of the including Hungary [8] . In areas with a high incidence of penipbp genes of the sensitive strains are replaced by homologous cillin-resistant pneumococci, antimicrobial therapy in children sequences from another species that differ by §20% in nucleofor sepsis and meningitis with third-generation cephalosporins tide sequence [12, 17, 18] , strongly suggesting that gene transhas been recommended [9, 10] . Therefore, a frightful developfer events are a prerequisite for development of resistant S. ment is the recent emergence of highly cephalosporin-resistant pneumoniae. Reciprocal transfer of penicillin resistance bestrains reported in Spain and the United States [10, 11] , with, tween viridans streptococci and S. pneumoniae has been obfor example, MICs for cefotaxime several-fold higher than served in several studies [19 -22] , and transfer of pbp2x genes those of penicillin-resistant strains and ú1000-fold higher than was even possible from a susceptible Streptococcus oralis into those of susceptible strains. a susceptible S. pneumoniae but not vice versa [23] . It has Penicillin resistance in S. pneumoniae is not mediated by bbeen proposed that pbp genes have evolved into resistance lactamase production but involves alterations of penicillin tardeterminants in susceptible commensal streptococci by introget enzymes, the penicillin-binding proteins (PBPs). In highly duction of point mutations prior to transfer into pneumococci, penicillin-resistant strains, up to four of the five PBPs with since pbp2x of penicillin-susceptible Streptococcus mitis and high relative molecular weights (PBPs 1a, 2x, 2a, and 2b) have S. oralis are closely related to mosaic blocks in pbp2x genes reduced penicillin affinity compared with that for susceptible of resistant S. pneumoniae [23] (unpublished results). S. mitis strains; hence, a much higher b-lactam concentration is needed was also suggested as the donor of one class of pbp2b genes from resistant pneumococci [24] . Sequences related to the mosaic genes of resistant S. pneumoniae have been identified in Streptococcus sanguis, S. oralis, and S. mitis for PBP 2b [25 - susceptible S. pneumoniae, and we studied the relatedness of from nasal swab specimens of some persons, but no infection was their primary cefotaxime-resistance determinant, PBP 2x. The associated with these strains.
isolates were from Spain and Hungary, countries with an almost
Taxonomy and nomenclature as proposed by Coykendall [36] 30% and a ú50% rate of penicillin-resistant S. pneumoniae, was used. The highly cephalosporin-resistant isolates S. pneumorespectively [32, 33] , and from Berlin, an area with a currently niae CS109 and CS111 were recovered in Tennessee in 1991 [37] .
low incidence of penicillin-resistant pneumococci [34] .
The highly penicillin-resistant S. pneumoniae isolates 637 [38] and 2349 are representatives of the multiply antibiotic-resistant serotype 23F clone predominant in Spain [3, 5] . S. mitis NCTC [29] . Strain 197 was isolated were determined by the E test, and transformants were tested by from the blood of a 36-year-old man who developed chemotheruse of a series of narrow b-lactam concentrations on blood agar apy-induced neutropenia and S. mitis bacteremia. Strain 476 was plates (3% sheep blood). Stock cultures containing 10% glycerol isolated from a 39-year-old patient with multiple myeloma who were kept at 080ЊC. Susceptibilities to tetracycline were scored underwent a bone marrow transplant. He developed S. mitis bacterby diffusion tests on sheep blood agar plates with disks containing emia while receiving intravenous (iv) ceftazidime. Strain 532 was 30 mg of antibiotic (Becton Dickinson, Heidelberg, Germany). isolated from the blood of a 24-year-old man with acute nonGenetic transformation of streptococci. Transformation of S. lymphocytic leukemia and neutropenia who underwent a bone marpneumoniae and S. mitis essentially followed a published procerow transplant. He developed S. mitis bacteremia while receiving dure [42] except that competent cells were incubated with DNA iv ceftazidime and was successfully treated with imipenem. In for 30-60 min at 30ЊC, and for phenotypic expression, the mixture these three cases, severe oral mucositis were considered the source was incubated at 37ЊC for 2-4 h prior to being plated under of infection.
Materials and Methods
selective conditions. Purification of chromosomal DNA of S. pneuStrain 566 was isolated from a 16-year-old girl with acute nonmoniae [43] and oral streptococci [23] has been described. For lymphocytic leukemia and neutropenia. She developed S. mitis transformation with pbp genes, either plasmid DNA containing bacteremia while receiving iv ceftazidime and was cured with pbp2x of the highly cephalosporin-resistant strains was purified vancomycin. No source of infection was found. S. mitis B5 was (Wizard Minipreps DNA Purification System; Promega, Madison, isolated from the blood of a 2-year-old infant with a heart defect; WI) or pbp2x, pbp1a, or pbp2b DNA, which was purified after the child was from Libya and was brought to the Berlin hospital for cardiologic diagnosis. S. mitis was identified according to standard polymerase chain reaction (PCR) amplification and gel purifica- at least five high-affinity, high-molecular-weight PBPs were were used. DNA fragments were purified with an extraction kit detected, only two to three PBPs could be visualized in the (QIAEX II Gel; Quiagen, Hilden, Germany) as described by the manufacturer. pbp2x and pbp2b fragments were cloned into the resistant S. mitis and S. oralis, and they could be seen only if PCR II vector (Invitrogen, Leek, Netherlands). DNA sequences were determined in at least two clones. In case of discrepancies between the two sequences, PCR-amplified chromosomal DNA was directly sequenced. DNA sequencing was done according to the dideoxynucleotide chain termination method [44] with a sequencing kit (T7; Pharmacia, Uppsala, Sweden, or Sequenase version 2.0; USB, Division of Amersham Life Sciences, Cleveland). For direct sequencing of PCR-amplified DNA, the Sequenase PCR product sequencing kit (Amersham, Braunschweig, Germany) was used. Parts of the sequences were determined on the ALF sequencer apparatus (Pharmacia).
Detection of PBPs. PBPs were labeled in cell lysates with [ 3 H]propionylampicillin and detected after SDS-PAGE and fluorography [45] . Routinely, 1 mCi of radioactivity was used per sample, and in the case of highly resistant strains, up to 5 mCi was used. Immunostaining and epitope characterization were done with rabbit antisera against S. pneumoniae PBP 1a and PBP 2x and mouse monoclonal antibodies (MAbs) directed against PBP 1a (MAb 301 and 221) or PBP 2b (MAb 410 and I6) as previously described [46, 47] . Accession numbers. The sequence data will appear in the European Molecular Biology Laboratory (Heidelberg) nucleotide sequence database under the accession numbers Y10532 (B5), Y10533 (197), Y10534 (476), Y10535 (Hu8), and Y10536 (Hu5). pbp2x of S. pneumoniae 2349, a member of the Spanish serotype 23F clone, differs from the published sequence of isolate 577 Figure 1 . Penicillin-binding protein (PBP) profiles and immuno-(X65136) in three nucleotides (CCT2069 to A, TTC2322 to G, stain of PBPs of highly cephalosporin-and penicillin-resistant Streptoand CTC2406 to G), none of which results in an amino acid coccus mitis (Sm) and Streptococcus oralis (So). Top, proteins of cell change.
lysates were labeled with [ Two pathways of resistance development were investigated: cefotaxime resistance that requires primary alterations in PBP 2x followed by changes in at least PBP 1a [13, 14] and piperacillin that can be used to select a low-affinity PBP on the chromosome to be transferred simultaneously; however, MICs of the donor strain were not reached (table 2) . 2b, conferring only marginal resistance to penicillins but a highly reduced lytic response to b-lactam treatment [48] .
With S. oralis Hu5 and S. mitis Hu8 DNA, a low-affinity PBP 2x was also expressed in the first-step transformants. After Transformants were selected on a range of antibiotic concentrations, and at least three transformants were picked for a second transformation, none of the transformants reached MICs comparable to those of the donor strain, but a value of determination of MICs (table 2) . PBP profiles of the transformants were investigated to verify the presence of low-1 -1.5 mg/mL for cefotaxime is above the MIC mediated by pbp2x alone. Changes in PBP 1a in terms of affinity or electroaffinity PBPs (figures 2, 3, and 4) .
Transfer of cefotaxime resistance with chromosomal DNA. phoretic mobility were not detected in the three transformants analyzed in each case; however, a low-affinity PBP 2a was Using S. mitis B5 donor DNA and standard conditions for the transformation assay (2-h phenotypic expression), altered PBP expressed, as can be seen particularly clearly in the case of Hu8 (figure 2). In contrast to experiments in which penicillin 2x and PBP 1a appeared successively in two transformation steps (figure 2, lanes C and CC), conferring the cefotaxime was used for selection of resistance [49] , this confirms that PBP 2a participates, at least in some cases, in cefotaxime resis-MIC of the parental strain. When 4 h was used for phenotypic expression in the transformation experiment with S. mitis 476 tance, as previously suggested [12] . Cefotaxime resistance could also be transferred into S. mitis or 197 donor DNA, the R6 transformants contained both lowaffinity PBPs 2x and 1a, with the latter having also an altered NCTC 10712 by use of either S. mitis or S. pneumoniae DNA, and MICs ú2 mg/mL indicated transfer of more than one gene electrophoretic mobility (figure 3) similar to intraspecies transformations with S. pneumoniae 111 DNA that was used in (table 2) . Cross-resistance to penicillins in the transformants was low: control experiments as previously described [14] . This indicates that in S. mitis also, the two genes are located sufficiently also function as a primary resistance determinant and is selectable with piperacillin in S. pneumoniae R6 [48] . First, chromosomal DNA of some of the highly resistant strains was used transformants and up to 50-fold in S. mitis transformants, and as donor DNA in transformations with either of the susceptible MICs for benzylpenicillin did not exceed 0.1 mg/mL in the recipient strains, S. pneumoniae R6 or S. mitis NCTC 10712. majority of the transformants. Hence, the high resistance levels Piperacillin-resistant transformants were obtained with S. mitis for oxacillin and penicillin of the donor strains must be due to B5 and S. oralis Hu8 DNA, and all three transformants examthe presence of another gene(s) that cannot be selected with ined in each case had a low-affinity PBP 2b (see figure 2 for cefotaxime, such as pbp2b, as shown before [50, 51] . examples), but no transformants were obtained with DNA of Transfer of pbp2x genes. To understand the contribution S. mitis Hu5. Of interest, a low-affinity PBP 2x was also apparof individual PBPs during transfer of cefotaxime resistance, ent in two of three transformants in the case of B5 DNA and we used PCR-amplified and cloned pbp2x of the highly cephalosporin-resistant S. mitis 197 and 476 in a second series of transformation experiments. With pbp2x DNA, cefotaxime resistance between 0.4 -0.6 mg/mL was transferred in all cases. This value is well above the MIC of 0.2 mg/mL obtained with pbp2x of highly penicillin-resistant S. pneumoniae, such as isolate 637 (table 2) . The presence of a lowaffinity PBP 2x in the transformants was confirmed by radioactive labeling of PBPs in cell lysates (not shown). This suggests that the high-level cefotaxime resistance of the S. niae at least as efficiently as those from highly cephalosporin-(R6 T2x-476 and R6 T2x-197 , respectively) were used for transformation resistant S. pneumoniae [14] . in all three transformants in case of Hu8 DNA, demonstrating DNA sequences of S. mitis and S. oralis pbp2x. The pbp2x genes of S. mitis isolates were distinct from pbp2x genes of that the two genes were transferred simultaneously (figure 2). This was surprising since the two PBPs are not closely linked all penicillin-resistant S. pneumoniae investigated so far in that they conferred cefotaxime resistance of 0.4 -0.6 mg/mL, well on the pneumococcal chromosome, indicating that the chromosomal organization in the other streptococci may be different.
above the 0.2 mg/mL generally mediated by mosaic pbp2x genes of penicillin-resistant pneumococci (table 2) and similar None of the transformants, however, had MICs for penicillin or oxacillin that were ú4-fold higher than that for the recipient.
to the pbp2x genes of highly cephalosporin-resistant pneumococci from the United States [14] . DNA sequences of the pbp2x This shows that although a low-affinity PBP 2b is clearly involved in oxacillin and penicillin resistance, as shown pregenes were determined after PCR fragments amplified from chromosomal DNA of S. mitis 197 and 476 were cloned. The viously [50, 51] , expression of high resistance levels to these drugs requires not only the presence of a low-affinity PBP 2x sequences of S. pneumoniae R6 transformants obtained with Hu8, Hu5, and B5 containing a low-affinity PBP 2x was also but also of PBP 1a, confirming the important role of PBP 1a for high-level resistance.
determined to investigate the relatedness of the genes originating from different countries. The sequences were verified by Penicillin induced lysis in transformants with a low-affinity direct sequencing of PCR-amplified chromosomal DNA from PBP 2b. A low-affinity PBP 2b in the S. pneumoniae R6 the donor strains. background dramatically reduces the lytic response that is normally observed in pneumococci [48] . To verify this and to see All isolates contained mosaic pbp2x genes, which could be grouped into three classes: the pbp2x gene of S. mitis B5 whether a similar effect occurs in S. mitis, we transformed cloned pbp2b genes into 1 of the susceptible recipient strains.
with the same mosaic structure as the pbp2x of the serotype 23F clone; those of S. mitis 197 and 476 and S. oralis Hu5, As donor DNA, we used pbp2b of S. mitis B5 and, for comparison, S. pneumoniae 109. Transformants were readily obtained which were also closely related to the pbp2x of the highly resistant Spanish serotype 23F clone but contained various at 0.1 mg/mL piperacillin, and all contained a low-affinity PBP 2b (or the equivalent protein in S. mitis 10712), as determined 5 regions; and pbp2x of S. mitis Hu8 in which 5 and 3 sequences were related to the M3 gene, but main parts of the by fluorogram testing (figure 4). The transformant's MIC for piperacillin increased £2-fold (table 3) , as previously reported transpeptidase domain were unrelated to known sequences. Figure 6 compares pbp2x of the susceptible S. oralis M3, for a similar experiment [48] . Growing cultures of R6 transformants and of S. mitis transformants containing the lowwhich is homologous to a variety of mosaic pbp2x genes of resistant S. pneumoniae, including the 23F clone, but contains affinity PBP 2b of either S. pneumoniae 109 or S. mitis B5 were treated with a range of piperacillin concentrations up to no mutations that confer a high resistance phenotype [23] , with the pbp2x of the serotype 23F clone, which should not 20 times the MIC. R6 transformants with both the B5 pbp2b ( figure 5 ) and the 109 pbp2b (not shown) showed a dramatically contain mutations that confer a high cefotaxime resistance phenotype [12] . The overall mosaic structures of the pbp2x reduced lysis upon piperacillin treatment. Piperacillin did not induce lysis in the S. mitis NCTC 10712 recipient itself, similar genes discussed here are schematically depicted in figure 7 .
It should be noted that the S. mitis NCTC 10712 pbp2x is to the tolerant response observed in susceptible S. sanguis upon penicillin treatment [52] . Hence, the effect of a low-affinity also a mosaic gene, although it does not confer resistance, with 5 and 3 regions highly related to the M3 pbp2x [23], PBP 2b, as shown in figure 5 for the transformant with S. pneumoniae 109 pbp2b, was only marginal. similar to the S. mitis Hu8 isolate.
/ 9d35$$oc25 08-22-97 16:43:33 jinfa UC: J Infect ish S. mitis strains and the Hungarian S. oralis isolate contained Although of mosaic structure, it does not contain the Thr446-to-Ala substitution, and this pbp2b could also not be selected the same three amino acid changes at positions 338, 366, and 384 that were not present in the 23F clone. These alterations with piperacillin (table 3) . Although the pbp2x sequences of Hu8 and B5 were very similar, their two partial pbp2b semust therefore include the changes crucial for the elevated cefotaxime resistance mediated by these proteins compared quences differed not only in respect to the critical mutations. Their overall sequences diverged by 27%, and compared with with the 23F PBP 2x. The alterations were distinct from those in the highly cephalosporin-resistant isolates from the United the sequence for R6, they diverged 22% -28%, indicating that they originated from different sources. States that shared the amino acid changes at position 339 and 400, and isolate 111 contained an additional Thr550-to-Ala A low-affinity PBP 2b in S. pneumoniae appears to be a prerequisite for high-level oxacillin resistance [49, 51, 54] , and change. The data demonstrate that cephalosporin resistance in clinical isolates, similar to the situation in laboratory mutants every low-affinity PBP 2b in S. pneumoniae contained the Thr446-to-Ala change [54] . This is apparently not so in resis- [53] , can develop via multiple pathways.
Nucleotide sequences of pbp2b genes. Since a specific tant viridans streptococci, in which the Hu5 isolate with a MIC for oxacillin of 95 mg/mL did not contain this mutation but amino acid change, Thr446 to Ala, in PBP 2b has been associated with the selectability in the susceptible R6 strain [48] , did contain a low-affinity PBP 2b homologue when its PBP profile was compared with that for S. mitis NCTC 10712 (see pbp2b of highly cephalosporin-resistant strains was cloned, and a partial sequence that included this region was obtained ( figure  figure 1) . It remains to be clarified whether in this case a lowaffinity PBP 2b can be selected in a resistant recipient strain 8). Whereas the pbp2b of S. mitis B5 and S. oralis Hu8 contained the respective mutation, pbp2b of Hu5 did not, which that already contains a low-affinity PBP 2x and PBP 1a. is in agreement with the results obtained above (table 3) . It is noteworthy that this particular PBP 2b mutation is not necessarDiscussion ily present in highly penicillin-and oxacillin-resistant viridans streptococci, unlike the situation in highly resistant S. pneuInterspecies transformation between streptococci is a wellknown phenomenon. The presence of mosaic genes in all moniae, for which every resistant isolate investigated so far contained this mutation [24] . The only exception is the PBP penicillin-resistant S. pneumoniae documents that b-lactam resistance has not evolved in this species, but prior to gene 2b of S. pneumoniae 111, which conferred lower levels of resistance to penicillin compared with that of isolate 109 [14] . transfer into the pneumococcus, genes homologous to S.
pneumoniae PBPs 2x, 2b, and 1a and, as strongly suggested in the present study, also to PBP 2a, must have evolved into resistance determinants in other species. Given the ease with which high-level cefotaxime resistance could be transferred from the S. mitis and S. oralis strains investigated here into susceptible S. pneumoniae, accompanied by changes in three PBPs, the impact of the population of resistant commensal streptococci cannot be underestimated. Any penicillin-resistant Streptococcus species with MICs higher than those reported for S. pneumoniae in the same geographic area represents an important factor for an increase in MIC also in the pneumococcus. The isolation of a highly penicillin-resistant S. mitis in Berlin is especially noteworthy and provides the basis for a particularly dangerous scenario in an area with a very low incidence of resistant pneumococci. Although the general order of evolutionary events appears to be clear -emergence of resistance determinants in commensal streptococci followed in a second step by transfer into S. pneumoniae -one has to be aware that mutational and epidemiologic details of this process cannot be deduced from sequence comparisons. The variation in the 5 regions of S. mitis 197 and 476 demonstrates that distinct recombinational events occurred during the evolutionary history of the genes. On the other hand, the homologous 3 sequences of these 2 S. mitis strains and of S. oralis Hu5 from Hungary, which include the entire transpeptidase domain thought to be crucial in resistance development, show that the same resistance determinants also exist in Western and Eastern Europe and in different species. This could be due to spread of a ''donor'' strain into these two countries prior to transfer into the 2 species; alternatively, such a donor strain could have evolved independently in the two countries. Similarly, secondary mutations that improve the resistance (e.g., for a particular b-lactam, such as the Thr550-to-Ala mutation found only in 1 highly cefotaxime-resistant US isolate, 111 [14] ) may have occurred in the pneumococcus or may indicate a heterogeneity of the existing gene pool prior to transfer into the pneumococcus.
It is not yet possible to clearly identify the amino acid changes responsible for the high-level cefotaxime phenotype. So far, the highest cefotaxime resistance that was induced by a single amino acid change was a Thr550-to-Gly substitution [48] , and this mutation was not found in any of the PBP 2x investigated here. It is therefore safe to assume that a combination of at least two mutations must be involved in the PBP 2x -mediated cefotaxime resistance. The alterations at position 338 adjacent to the active-site serine 337 of the SXXK motif are certainly interesting candidates. In contrast to a Thr338-toAla change, which is found in many PBP 2x of penicillinresistant isolates but in none of the homologous sensitive sequences known so far, either a Thr-to-Gly or a Thr-to-Pro change was found. It is also noteworthy that the US isolates contain an alteration at position 338 (Met to Phe). The substitution Met339 to Leu as seen in the S. mitis B5 isolate, which is highly penicillin resistant, has been found in only 1 other strain and numbered according to data in reference [55] . Only those positions of sequences are shown that differed between R6 and B5 or Hu5. Homology box SSN is underlined; codon 446 with Thr-to-Ala mutation is printed in bold letters.
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